of 6Li, 7Li, 23Na, 39K, 85Rb, 87Rb and 133Cs N.M .R. experiments on solutions of the alkali salts of biphenyl and fluorenone in various ethers are presented. T he contributions of the Fermi contact interaction and the chemical shielding to the shift of the N.M .R. signal are discussed. Sign and magnitude of the alkali hyperfine splitting constants are derived from the experimentally measured shifts and their variation with temperature and solvent are analysed.
I n t r o d u c t i o n
In the past few years radical ion pairs have been studied successfully by means of alkali N.M .R. experiments [1-4]. T he direction of the shift of the alkali N .M .R . signal furnished im portant information about the sign of the unpaired spin density at the metal nucleus" and it was shown that a study of linewidths and shifts could give interesting information about the structure of the ion pairs. In the light of the results obtained attem pts have been made to describe the spin density at the metal nucleus and the bonding between alkali ion and radical anion in term s of the M O theory [5] . For details the reader is referred to recent review articles [6] .
Here we wish to report on alkali N.M .R. experiments of the alkali salts of biphenyl and fluorenone in solutions of various ethers ; signals of the cations of 6Li, 7Li, 23Na, 39K, 85Rb, 87Rb and 133Cs were observed and the variation of their shifts with solvent and tem perature will be analysed. A linewidth analysis will be given in a subsequent article. A preliminary account of this work was presented elsewhere [6] .
Since, contrary to E.S.R. experiments, resonance positions in the N .M .R . spectrum of a radical ion pair are not only determined by the Ferm i contact interaction, but also by the chemical shielding of the nucleus being investigated, it is im portant to establish the relative magnitude of these two terms. This will be discussed in § 3. In the discussion of the experimental results in § 5 it will be shown that the variation of the hyperfine coupling constants with tem perature and solvent can be completely accounted for on the basis of the existing theories about ion pairing in solutions [6, 7] , T hat an increase in tem perature often favours a transition from solvent separated (' loose ') to contact (' tig h t') ion pairs is clearly reflected in our results. Also the different abilities of the various solvents to solvate the cations become manifest in the alkali resonance positions.
Sample preparation and N .M .R . apparatus have been described elsewhere [8, 4] . Shifts were measured with respect to the signals of moderately concentrated aqueous solutions of the alkali halides and corrections were applied to obtain the shifts with respect to an infinitely diluted reference solution [9] . In this way all shifts refer to the N .M .R. signal of the completely hydrated alkali nucleus at room tem perature. For Li, Na and K this correction appeared to be negligible [9] . Sample concentrations were determined by weighing the amount of hydrocarbon to be used and by measuring the solvent shift at the end of the reduction [10] . T he concentration determined according to the latter method always turned out to be smaller than the initial concentration determined by weighing the sample [10] .
T he abbreviations T H P , M T H F , T H F , DM E, Dg, Tg, Ttg, Bp and F1 will be used throughout this article to denote the solvents tetrahydropyran, 2-methyltetrahydrofuran, tetrahydrofuran, dimethoxyethane, diglyme, triglyme and tetraglyme, and the compounds biphenyl and fluorenone, respectively, T he formulae of D M E, Dg, T g and T tg are presented by with n = 1, 2, 3, and 4, respectively.
In addition to the systems listed in table 2 the following systems were studied by alkali N . M 
.R . : «LiBp in T H P , M T H F and T H F and 85RbBp in D M E and Dg. Reduction of Bp in T H P , M T H F and T H F with K, Rb, or
Cs resulted in decomposition and/or the formation of dark coloured deposits. Also reduction of Bp in D M E with Cs proved to be difficult. For these reasons no results are reported for these systems. Also the S/N ratio in the 85Rb experiments on RbBp in T g and T tg and in the 87Rb experiments on RbBp in T tg was insufficiënt to get reliable data. Partial reduction of Bp with N a occurred in T H P and M T H F in accordance with results of Shatenshtein et al. [11] .
6Li experiments were performed on 6Li enriched samples. For the reduction of all other samples alkali metals were used with the natural isotopic composition.
. C o n t a c t s h i f t v e r s u s c h e m i c a l s h i e l d i n g
T he shift, Scexp, of the N .M .R . signal of an alkali nucleus in a paramagnetic ion pair measured with respect to the resonance signal of the completely hydrated alkali ion at room tem perature can be presented by [12] :
in which B and B 0 are the fields at which resonance occurs in the ion pair and the hydrated alkali ion, respectively, and Act is given by 2 . E x p e r im e n t a l CH 30 [C H 2C H 20 ] mCH 3 (1) (2) in which crlp and <raq are the screening constants representing the chemical shielding of the nucleus in the ion pair and in the hydrated ion, respectively. S0° is the contact shift and for a doublet radical it is given by [13] 
Since the m agnitude of Act is hard to establish, Act was dropped from equation (1) and the equation
was used instead. T he neglect of Act introducés a systematic error in the determination of Sc° which in the case of X H or 2H N .M .R . experiments on radicals will usually be small [12] , but which may become appreciable in the case of alkali N.M .R. experiments. Since errors in Se° directly affect the value of the hfsc derived from experiment (equation (3)) the parameter Act will be considered in more detail.
According to Ramsey [14] the screening constant is the sum of a diamagnetic part, cjd, which accounts for the diamagnetic current induced in the electron cloud around the nucleus by the magnetic field, and a paramagnetic part, trp, which originates from the first order mixing of excited states into the ground state by the magnetic field resulting in a non-zero electronic angular momentum. If the shielding constants, ct, of the alkali nuclei are taken relative to those of the free alkali ions in the gas phase, then |crd | |ctp | so that ct «o-p < 0. T he (negative) paramagnetic contribution, <rp, is determined by interactions between the electron cloud of the alkali ion and its surroundings. One may distinguish between (a) van der Waals interactions, (b) electrostatic polarization of the core of the alkali ion and (c) overlap between valence orbitals of the cation and orbitals of electrons in the solvent shell of the alkali ion [15, 16] . T he contribution of (a) to ctp is negligible [16] , the contribution of (b) becomes im portant only when small strongly polarizing cations or anions are present in the solution [16] . Usually the third term is considered to be the most important. Variation in a may in that case arise from variations in structure and composition of the solvent shell of the alkali ion and consequently concentration, tem perature, solvent and anion may affect ct.
In order to obtain an idea about the range over which o may vary the largest and the smallest values of cr-aaq which could be found in the literature are listed in table 1 for various alkali ions. Also, measured or estimated values of aaq are given. In nearly all cases repórted in the literature the variation of o resulted from a variation of anion and so lvent; the influence of the tem perature has not been investigated extensively [17] . The most thoroughly studied cases seem to be the solutions of sodium salts ; the quoted range for Na is therefore probably the relatively largest one. (Interestingly, since ct < 0 it follows that craq m ust be smaller in the algebraic sense than the smallest reported value of (ffaq -cr) which amounts to -16 p.p.m . (see table 1) for Na. T his is smaller than the previously estimated value of -10 p.p.m . for Na [18] ). T he range quoted for Cs originates from a single study of solutions of CsCl in a large num ber of organic solvents [16] , T he data of table 1 should be compared with those of table 2 where maximum and m inimum values of öcexp are quoted for the various systems investigated in this study. T he comparison shows that for the fluorenone salts Act contributes only little to Scexp so that in these cases its neglect seems to be justified. For the alkali salts of biphenyl on the other hand, especially in the case of some LiBp and NaBp solutions, the range of values of Scexp is comparable to the range of values of a -craq and the varation in §cexp might therefore originate from a variation in Sc° as well as in Arr. Some information about whether 8C° or Act dominates 8cexp, and particularly what determines the variation of §0exp with tem perature can be obtained as follows.
In the first place it should be noted that the spread in (o--o-aq) in table 1 almost exclusively derives from variation in solvent or anion while the variations in Scexp for a particular alkali Bp solution derive solely from changes in tem pera ture. 23Na N .M .R . studies on solutions of sodium tetrahydroborate (N aB H 4) and tetraphenylborate (N aB(Ph)4) have demonstrated that the variation of o -o-aq as a function of the same solvents as used in the present study are minor [17] . I t also appeared that o -a aq was positive and either remained constant or increased with tem perature, which in our case would result in a negative tem perature coëfficiënt of the hfsc (see equation (3)). T his is contrary to most experimental findings (see for instance the results for the LiBp and NaBp solutions shown in figures 1, 2, 3 and 4). Our conclusion therefore is that, althoueh for the alkali biphenyl salts in ethereal solvents the contribution of Act to S exp may be non-negligible, in which case its neglect will lea to sys ematically too low values of the hfsc, the variations of the hfsc with tem perature are only slightly affected by Acr. A linewidth analysis as well as a companson with E.S.R. data may provide an additional check on this conclusion (see § 5). biphenyl salts, when available, have been plotted also. For E.S.R. data on the rluorenone amon the reader is referred to the work of Hirota [19] , In solutions of the Li and Cs salts of fluorenone sometimes a relatively sharp signal with 8 « p « 0 was observed in addition to the signal of the paramagnetic ion pair We attribute this signal to diamagnetic dimers [201 and refer for iurther details to an earlier discussion [12] , As a check on the experimental procedure the ratios of the 6Li and 7Li hfsc measured m vanous LiBp solutions were calculated. In all cases studied the ratio agreed withm experimental érror with the theoretical ratio of the gyromagnetic constants. Similar results were obtained for the 88Rb and 87Rb hfsc. 
. D is c u s s io n
T he data of the biphenyl salts are discussed first. T he influence of tem perature and solvent on the hfsc, and the sign of the splitting constant will be considered and the N .M .R . data will be compared with E.S.R. results. Next the metal hfsc of the alkali salts of fluorenone will be dealt with. In the discussion of the tem perature and solvent dependence of the metal hfsc the KBp systems are left out of consideration. T he spread in the data prevents to establish a trend in the tem perature dependence of the hfsc. In addition not enough 39K N .M .R . data for solutions of diamagnetic potassium salts are available to make a reliable estimate of the relative magnitudes of §c° and Aa. 
Biphenyl (i)
Temperature dependence. For the solutions of NaBp in T H P (figure 3) and in M T H F [2] and of RbBp in D M E (figures 6 and 7) a monotonous increase in the hfsc with tem perature is observed. Inspection of table 1 and 2 shows that in these systems the Fermi contact interaction probably plays a dominant role in determining the shift. Our observations can therefore be explained if we assume that over the investigated tem perature range in these systems contact ion pairs exist in which the average position of the alkali ion with respect to the radical is tem perature dependent. Since the metal spin density depends on the position of the alkali ion [5] the hfsc changes with tem perature.
The a versus T -plots for all the other alkali Bp-systems exhibit at high tem perature a positive slope. In nearly all cases the slope is large enough to render it likely that also in these systems the Fermi contact interaction dominates the variation in the hfsc in accordance with the conclusion put for war d at the end of § 3. On the other hand, towards low tem peratures nearly all the hfsc in these systems decrease in absolute value or level off to a constant, often zero, value. Apparently the average solvation of the cation increases on going to lower tem peratures causing a decrease of the Fermi contact interaction so that finally at very low tem peratures Acr dominates the shift. T he latter effect is visible in the case of the LiBp and NaBp solutions, where at low temperatures a residual small variation of the hfsc is observed as a function of the solvent (figures 2, 4 ) . Especially the effect of Tg and T tg on Acr has been noted previously [17] (see figure 4 ) and probably points to a special ion pair structure. This will be discussed more fully in a subsequent paper dealing with a line width analysis, in which it is shown that the increase in alkali line width going to higher tem peratures can be ascribed to enhanced anisotropic dipolar interaction. These observations suggest a structure of the ion pair, in which the alkali ion is surrounded by the long glyme molecules in a pseudo-crown ether fashion, thus creating space for the Bp anion to approach the cation more closely. Also the fact that easily single crystals can be formed from NaBp in T g and T tg points to a specific ion pair structure [8].
(ii) Solvent dependence. T he influence of a particular solvent on the struc ture of an ion pair is usually related to the solvating power of the solvent towards the cation being considered [7]. T he solvating power of the solvents used in this study increases in the order T H P < M T H F < T H F < D M E < Dg < Tg < T tg [7]. One would expect therefore that at a properly chosen tem perature one would observe for a particular alkali Bp salt a change in ion pair structure from contact (tight) to solvent separated (loose) going along the above mentioned series of solvents, which would result in a decrease of the absolute value of the hfsc. T his is borne out by the experimental findings for the Rb and CsBp solutions (figures 6-8).
Since for most of the solutions of LiBp and NaBp there is probably a considerable contribution from Acr to §cexp, while the variation in the hfsc with tem perature is probably determined only by S0° (see § 3), the criterion for the solvating power can be better form ulated in term s of the slopes of the plots : the smaller the solvating power the larger the slope at a given tem perature and the lower the tem perature at which a given value of the slope will be reached. In table 3 the slopes of the plots for the 7LiBp and NaBp solutions at various tem peratures are presented. T he data confirm the above mentioned order of the solvents according to their solvating power : for LiBp the slope at 30 C decreases regularly from T H P through T g while for NaBp the tem perature at which a particular slope is reached increases from T H F through T tg (with an unim portant irregularity at the transition from T g to T tg) and even higher slopes are found at still lower tem peratures in T H P and M T H F . Finally the data in the figures 1-8 demonstrate the influence of the cation radius on the ion pair structure. One would expect that in a given solvent the salts of a particular anion will form more easily solvent separated ion pairs as the radius of the cation decreases [7]. T his is in accordance with the experi mental findings. For example, it appears that LiBp and NaBp form solvent separated ion pairs in D M E at low tem peratures whereas RbBp forms only contact ion pairs in this solvent.
(iii)
Sign. In the alkali Bp ion pairs the alkali hfsc is positive for Li (the negative sign of the Li hfsc at low tem peratures in D M E, Dg and T g probably is caused by Aa), for Na the hfsc can be positive as well as negative, depending on the solvent, and in one case even passes through zero (namely in M T H F T21 ■ techange xn sign in T H F , T g and T tg may arise from the effect of Aa on thé shift), and for Rb and Cs the hfsc is negative. Finally, although for K the relative magnitudes of Sc» and Aa and therefore the sign of Sc° is not known the U R f t0u Zer°' , observations confirm a trend noted before Et' u i ' n ! mu 7
•WI 7T-eleCtron radicals like biphenyl-, anthracene-and phthalene the unpaired spin density at the metal nucleus shows the tendency to become negative with increasing cationic radius.
According to recent theories [5 (è)] the total unpaired spin density at the nucleus, p , is the sum of a positive zero order contribution Po and a first order contribution Pl, which for the radical anions of the above mentioned type often will be negative p and Pl depend on the overlap of the valence j-orbital of the metal with the first anti-bonding M O and the bonding M O 's of the radical respectively Since overlap with the two types of MO may depend differently on the position of the cation with respect to the radical, Po and Pl may vary differently with the average cation position. In this way a variation in the average position of the cation with tem perature could result in a change of sign of the alkali hfsc. F urther it has been demonstrated [5 (6)] that with an increase in the distance between cation and anion Po in general will fall off more rapidly than pj. This could explain the above mentioned trend in the hfsc 
Fluorenone
Contrary to the alkali Bp salts the alkali hfsc for fluorenone are not very m uch tem perature dependent (see figure (9) ). Apparently the cations are attracted strongly enough by the radical to prevent complete solvation of the alkali ïons at low tem peratures. Further for all the alkali ions the hfsc are large and positive, indicating that the contribution from Po to the total spin density at the metal nucleus is considerable. It is concluded that the alkali ions in the fluorenone ion pairs are close to a site with appreciable charge and spin density, probably the oxygen atom. This is in accordance with E.S.R. findings [22] , T he difference between E.S.R. [19] and N .M .R hfsc is » P P '« i* le and probably points to a difference in ion pair structure [ , ]• • , refer to monomer ion pairs while the N .M .R. experiments were performed on concentrated solutions in which most probably the ion pairs are present in form of dimers or higher aggregates [20, 22] . 6 . C o n c l u s i o n Alkali N .M .R . experiments on alkali radical ion pairs can be an im portant supplem ent to E.S.R. experiments, particularly with regard to the sign of the metal hfsc. W hen the contact shift is small, the m ethod suffers from the draw back that the contribution from Act to the experimentally measured shiit may become appreciable and that its magnitude is difficult to establish. lh e ïnterpretation of the N .M .R . data, however, can be simplified ïf the tem perature dependence of the shift is taken into consideration.
It is pointed out that the concentration dependence of the shifts has not been studied in detail. In so far as the concentration affects the ion pair structure (as in the case of the fluorenone salts, for instance) both Sc° and Act will depend on the concentration. In addition clustering of ion pairs may affect Act, probably more than 8 0 U nder unfavourable circumstances these effects may complicate the interpretation of the N. M [1] C a n t e r s , G. W . , D e B o e r , E., H e n d r i k s , B . M . P., and V a n W i l l i g e n , H . , 1968, Chem. Phys. L ett., 1, 6 2 7 .
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